In the present study of embryonic brain development, we measured morphological dimensions and biochemical activities in hatchlings exposed to sublethal and lethal doses of TCDD, with and without daily light treatment throughout development from embryonic days 0-20. Specifically, we measured six brain dimensions (figure 1), on both the right and left sides, to quantify the extent of intercerebral and intertectal asymmetry resulting from TCDD exposure with and without light treatment. In addition, two separate biochemical assays measuring ethoxyresorufin-O-deethylase (EROD) and glutathione peroxidase (GPx) activities were conducted on both sides of another set of brains from the same study.
Eggs were divided equally, randomized by weight groups, into 10 separate treatment groups: non-LED (no light) or LED (light) crossed with five doses (no-inject control; sunfloweroil vehicle control; and 2-ppt, 20-ppt, and 200-ppt TCDD diluted in sunflower oil). The hatchlings in each treatment group were divided at random into two separate groups before necropsy, because tissues had to be treated differently for the morphological and biochemical measurements. We attempted to conduct all six morphological measurements on each formalin-fixed brain and both biochemical assays on each frozen brain.
Complexity of the problem
Data analysis was difficult because of the study's complexity, with its many combinations of light or no light, dose groups, brain measurements, and biochemical responses. Before adopting the graphical EDA methods illustrated here, we struggled with simpler one-or two-variable graphical techniques; however, these failed to yield a sufficiently clear picture of the relationships of interest.
Most of the graphical methods described by Cleveland (1994) are available in statistical software, including S-PLUS (as "trellis graphics" ; Insightful Corporation 1988 -2005 and R (as "lattice graphics"; R Development Core Team 2005, www.R-project.org) . We used the S-PLUS versions in most cases, turning to R for one figure it produced more readily. Additional guidance for using these graphical methods is provided by Venables and Ripley (2002) , Heiberger and Holland (2004), and Crawley (2005) .
In the following sections, we describe the graphical techniques we used to explore the asymmetry data, in the hope that readers will find similar methods useful for their own data.
Measurements
Because our present purpose is to use graphical analyses to generate hypotheses, and not to draw biological conclusions, we omit a detailed description of experimental methods, which are substantially similar to those described in our earlier work (Yeager et al. 2006c ). We do, however, provide brief descriptions of the data analyzed.
Morphological measurements. Each measurement (figure 1) was taken in duplicate using a ruler with 0.5-millimeter (mm) precision, and all were done by the same person, with samples identified solely by number and not by dose or light treatment. The measurement methods are described by Henshel and colleagues (1995) .
Biochemical measurements. EROD and GPx activities were assayed separately for the two halves of the frozen brains, using tissue from the forebrain, tectum, and brain stem. EROD activity is expressed here as picomoles per milligram (mg) of protein per minute, and GPx activity as micromoles per mg of protein per minute.
Graph types
Before adopting graphical EDA, we viewed results for each individual dose-light combination using scatter plots and bar graphs (like the one shown in figure 2), but those failed to reveal the multivariate complexity of the data. (A single trellis graph would require only about the same amount of effort to produce as the bar graph for cerebrum height shown in figure 2, but would provide the same kind of information for all six of the brain dimensions measured.) The individual bar graphs, though useful, did not show the overall relationships across multiple responses by dose, light, and side. In addition, we created indices of asymmetry by comparing average absolute differences (|right -left|) to average signed differences for the various dose-light combinations, but this also failed to illustrate the entire suite of multivariate comparisons we sought to evaluate. We used the graphs described below to analyze these data more holistically.
Pairs plot. The modified pairs plot (figure 3), sometimes called a scatter-plot matrix, provides a broad overview of the relationships among all eight of the responses measured, and illuminates the patterns and correlations among multiple responses for the means of the 20 (5 • 2 • 2) dose-light-side combinations. As examples, the upper-leftmost scatter plot puts cerebrum width on the horizontal axis and cerebrum height on the vertical axis, and the plot at the lower right has EROD activity on the horizontal axis and GPx activity on the vertical axis.
This figure serves two purposes: (1) to identify relationships of interest for further examination and (2) to allow assessment of the consistency of size differences among the various brain dimensions. There appear to be strong relationships between cerebrum height and the two offset measures; thus, the pairs plot reassured us that the size variations among the four cerebrum measures indicated generally smaller or larger brains. The plots have the further advantage over numerical calculations of showing potential nonlinear relationships that are not accurately represented by linear correlation coefficients. The locally weighted regression lines help to emphasize this nonlinearity, though they give only rough indications of pattern when the data are widely scattered. We note that the correlation coefficients here, based on means, are higher than would be obtained from data for individual chicks (Moore and McCabe 2006) . We show them as an indication of what can be done with this type of plot.
Trellis plots. Trellis plots (named for their resemblance to garden trellises) such as those in figures 4-6 were recommended by Cleveland (1994) to demonstrate, among other possibilities, how a relationship between two variables changes as other variables (covariates) take on different values. In our study they provided the tools necessary to compare average right-versus-left measurements for each combination of dose and light. Because the morphological and biochemical measurements had to be made on separate sets of brains, the two types of values could not be matched within individual chicks. These graphs did, however, allow us to relate average measurements of each morphological and biochemical measure for each dose-light combination. express the uncertainty associated with each mean. Because all eggs originated from the same poultry farm and were subjected to the same environments (including the incubator) throughout the studies, it is reasonable to compare average morphological and biochemical results by dose-light combination.
Trellis of two-variable means and standard errors. Before turning to trellis plots, we had focused solely on absolute differences between the right and left sides for each region of the brain and for each of the chemical responses. Although that proved a useful tool for each individual combination of dose, light, and indicator response, it failed to provide an overall sense of the relationships among all these variables. Figure 4 illustrates the relationship between tectum length and EROD, which we chose because it had the strongest correlation among all the morphology-biochemistry pairs of means, with a linear correlation of -0.62. As the TCDD concentration was increased under no-LED conditions, the tectum length decreased in comparison with the controls, and the extent of asymmetry increased in a dose-dependent fashion (figure 4) . When daily light treatment was administered to a subset of each dose group, both the decrease in tectum length (horizontal axis) and the asymmetry in that dimension were reduced or eliminated in our samples.
The relationship between morphological and biochemical measures in further relation to side of brain is interesting, and to our knowledge this is the first published report of such an effect. This is an example of a relationship, suggested by EDA, that deserves further research. Although we had not predicted any trends in the six morphological responses to dioxin exposure before the experiment, we had hypothesized that EROD activity would increase in a dose-dependent manner with dioxin exposure. As figure 4 shows, the variability increased as well, a common effect with many kinds of data, including earlier measurements of brain asymmetry (Henshel et al. 1997b) .
Multipage trellis of histograms. Figure 5 is one page of a multipage "super trellis," with each page being a 5 × 2 trellis for one of the six morphological measures (cerebrum height for the page shown). Each panel of the trellis is a histogram showing the distributions of size differences between the right and left sides of the brains of individual chicks, with doses varying by row and light treatment by column. Although histograms can sometimes be sensitive to the bin width chosen, in this case the possible differences are discrete (-0.75, -0.50, ..., +0.75 mm) because of the measurement precision, and each of these values has its own bin. (We note that what Venables and Ripley [2002] term "true histograms," which display relative frequencies rather than counts on the vertical, are also available, but we have used counts here to make obvious the different sample sizes obtained for the various dose-light combinations.) Figure 5 indicates some tendency toward a right-sided asymmetry with the no-light 2-ppt and no-light 20-ppt TCDD groups, as well as with both controls (no-inject and vehicle) receiving light treatment. However, the dominant difference in all 10 dose-light panels is zero. Exploratory graphs such as this will often suggest arithmetic analyses, such as comparisons of mean left-right differences or their absolute values. In the present case, those comparisons (not shown) were consistent with the impressions we obtained from figure 5. This tendency toward right-sided asymmetry in the no-light 2-ppt and no-light 20-ppt treatments, shown here for cerebrum height (figure 5), was similar across the other five morphological dimensions as well (not shown). Because sample sizes are not large here, we cannot consider these apparent patterns to be confirmed; instead, the EDA alerts us to search for such patterns in later research. 
Trellis of two-variable data for individuals.
Glutathione peroxidase is an important endogenous antioxidant enzyme that converts hydrogen peroxide, a potent oxidative radical intermediate, to water. Its activity varies through development in the chicken brain (Surai 1999) , and prior studies in our laboratory have shown that chicken development is highly responsive to low-level dioxin exposure (parts per trillion; Henshel et al. 1997a , Yeager et al. 2006b ). Within the liver, antioxidant activities such as those of GPx are suppressed by TCDD across all nonzero doses used in this study (Yeager et al. 2006c) . Light treatment of the type we used improves antioxidant activities and restores them to levels comparable to those of the control-dose groups. Because of this range of factors, we had no predictions about whether or not asymmetry in GPx activity would be affected by the light treatment.
GPx in the brain appears to have been suppressed by TCDD in a dose-dependent manner (figure 6), and this effect appears to be asymmetric, with left-sided dominance across 7 of 10 dose-light treatment combinations. Given the small sample sizes, however, we take this as another suggestion that needs confirmation in later research.
A plot similar to figure 6 (not shown) indicated that EROD increased with TCDD dose. This result was expected, because EROD is typically induced by TCDD and other arylhydrocarbon-receptor-mediated chemicals (Hankinson et al. 1991 , Hankinson 1995 . The plot also showed increased variability among the individual responses as dioxin dose and EROD activity increased. This was a new observation for our group, although it was not surprising, given that variability often increases with average responses for many kinds of variables. We had anticipated that EROD activity would become more asymmetric with increasing dioxin dose as a result of the TCDD-dependent induction, and that too was apparent in the figure. 
Biologist's Toolbox

Suggestions for future research
The graphs we produced did suggest that the light treatment mitigated both TCDD-induced dimensional effects, that is, size reduction and increased asymmetry in the tectum (length and width). Another interesting phenomenon in the graphs that appeared to be fairly consistent across most of the morphological indictors (plots not shown) was asymmetry that often switched sides between the light and no-light treatments. This was not clear until we plotted each indicator in trellises of dose-light combinations. We do not know the biological significance of this switching, if any, or whether it would be repeatable. It thus provides an excellent example of how EDA can suggest future research.
Future opportunities with EDA
In this article, we have outlined some of the tools available for graphical EDA and demonstrated their usefulness for understanding a complex data set. Of course, there are other such tools, many of which are described by Cleveland (1994) . One interactive example that we expect to use, but which cannot easily be represented in print, is the brush function (available in S-PLUS), which allows tracking of multiple measurements for a given case or set of cases. For example, this tool could be used to mark the points representing each measured character for a particular subset of individuals. If interested in the response of dimension D in relation to activity A, say, one could track a highlighted subset of individuals having the lowest 25 percent of responses for variable A and observe their D response. (Cleveland [1994, figures 3.70-3.72] gives examples of this concept.) Such analyses would provide a good starting point for exploring additional mechanisms (or additional response variables) that could aid in explaining relationships between variable A and dimension D. S-PLUS, a commercial product (Insightful Corporation 1988 -2005 , and R, which can be obtained free from the Web (R Development Core Team 2005), both facilitate graphical and computational EDA. R operates by commands from a "console" window; S-PLUS can be used that way (as we have done with the scripts producing the graphs in this article) or from a graphical user interface. Both systems are available for multiple operating systems, have many free add-on packages available from the Web, and have associated e-mail-based newsgroups from which excellent help can be obtained. Although learning these programs may require a significant initial investment of time and effort, the gains in ease and thoroughness of analysis are, we believe, worth the learning time.
Conclusions
After obtaining the data from this study, we first tried using data tables and ordinary two-variable graphs to tease out the relationships among the two sets of indicator response variables (six morphological measurements and two enzymes) as they varied with each other and with the 20 combinations (5 • 2 • 2) of TCDD dose (or controls), presence or absence of light treatment, and brain side.
Finding those simple analytical techniques inadequate for obtaining a holistic view of the data, we turned to a pairs plot and trellis plots, which, as we have shown, provide effective tools for exploring the multiple relationships suggested by this complex data set. Altogether, the pairs and trellis plots described here (figures 3-6, including the additional pages of the multipage trellis of figure 5 not shown) contained 108 panels. Although it would be possible to create those individual plots using many kinds of software, the effort usually required would prevent most scientists from creating them all. The trellis graphics of S-PLUS, and the similar lattice package in R, make it easy.
The plots suggested that the tectum is highly sensitive to developmental TCDD exposure. They also indicated a strong negative relationship between EROD and all morphological measurements across both halves of the brain. A multipage trellis plot of differences in morphological dimensions between the right and left sides of the brain (one page of which is shown in figure 5 ) indicated a consistent right-sided asymmetry in the no-light 2-ppt and no-light 20-ppt dose groups, across all six dimensions. This finding is consistent with prior work from our group analyzing TCDD-induced brain asymmetry in the developing chicken.
As Anscombe (1973) noted, researchers sometimes fall into the trap of relying on numerical output from statistical software without first graphing the data to look for potential relationships of interest or for suspect data points. If we had examined the present complex factorial-design results using the standard numerical analyses, without graphing them, we would most likely have missed many interesting relationships (and perhaps made the mistake of applying ANOVA [analysis of variance] illegitimately, because of the increase in variability with increases in means).
Although the details of graphical EDA must vary from data set to data set, these techniques will always have the potential to produce several kinds of results, including apparent agreement or disagreement of the data with expectations, and new insights not previously considered. Users must still guard against the human tendency to see the expected and to overlook the unexpected. It is critical to remember that EDA is not confirmatory analysis-it needs to be followed by appropriate statistical analyses for hypotheses posed before the data were collected, and by new experiments when the EDA suggests new hypotheses. This distinction is important because new hypotheses generated as a result of exploratory analysis cannot legitimately be tested statistically using the same data that suggested the hypothesis; only hypotheses held before inspection of the data can be tested that way. valuable comments on the manuscript. Matt Austin, Sundar Dorai-Raj, Richard Heiberger, and Paul Jordan provided useful advice on details of S-PLUS and R graphics. This work was supported in part by the Indiana University Faculty Research Support Program, the Multidisciplinary Ventures Fund, and a grant in aid of research.
